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NUTRIENT UPTAKE IN THE GASTROINTESTINAL tract can be mediated by passive diffusion and/or active transport. The latter is an energy-consuming process, enabling transport against an electrochemical gradient. The molecular mechanisms and regulation of active transport of nutrients are well studied in domestic and laboratory animals, e.g., the uptake of glucose via the sodium glucose transporter 1 (SGLT1; Refs. 20 and 56) or that of peptides via peptide transporter 1 (PEPT1; Ref. 33 ). Many studies have found that expression of intestinal transport proteins is positively influenced by the concentration of nutrients flushing the gut. For instance, the expression of SGLT1 in the small intestine dramatically declines during the transition from the preruminant to the mature ruminant state in goats, sheep, and dairy cattle, apparently as a result of the coincident decline in the concentration of luminal monosaccharides (19, 54) . In contrast, concentrate-selecting cervids like roe deer, which are supposed to bypass ruminal fermentation of soluble nutrients down the reticular groove, have, as adults, considerably higher SGLT1 expression in the small intestine than grass-and roughage-consuming ruminants (43) (44) (45) . Therefore, if rates of intestinal active transport depend on the concentration of nutrients in the gut content, one would expect a change of the extent and importance of these processes with season in herbivores living in seasonal environments.
Northern latitudes or high altitudes are characterized by profoundly differing living conditions between winter and summer, particularly for herbivores. Outside of the vegetation period, the availability and quality of plant material are considerably lower and difficult to access if covered by snow. In addition, temperatures are considerably lower during winter, imposing higher energy expenditure for thermoregulation to endothermic organisms. Strategies to escape from this doublebind dilemma are hibernation or daily torpor in small mammals (17) . Ungulates of northern latitudes react similarly, although they do not hibernate or show daily torpor in the classical sense. However, they also become hypometabolic during winter, as indicated by a resting heart rate reduced to approximately half of the rate found during summer. The reduction of energy expenditure is accomplished to some degree by reduced locomotor activity, but mainly results from lower endogenous heat production. Nevertheless, core body temperature of these large mammals is only slightly lower during winter compared with summer, but hypothermia is pronounced in the body's shell, particularly during cold winter nights (3, 4, 49, 51) .
The thrifty winter phenotype of seasonal mammals further includes a shift from an anabolic metabolism during summer to the use of body fat reserves to fuel metabolism during winter (review in Refs. 2 and 41). Food intake ceases completely during winter in many hibernators (2) and is reduced in nonhibernating northern ungulates. A number of species are well known for a decline of voluntary food intake (VFI) during winter (32; also see Ref. 4 for a review of ruminants). Seasonal changes of VFI persist under experimental ad libitum feeding (36, 41, 51) , thus representing an endogenous seasonal cycle of appetite entrained by photoperiod (22, 36) . If less food is to be processed, one would expect a reduction of the mass of the gut and, hence, its maintenance cost. Shrinking of visceral organs and the alimentary tract during winter has, indeed, been reported for hibernating marmots (28) , chamois (23) , red deer, and roe deer (26) . Further, the number and size of the papillae in the rumen were significantly lower during the winter period than during the growing season in red deer, fallow deer, roe deer, chamois, and mouflon (24, 30) . This apparently lowered capacity for nutrient uptake during winter is contrasted by longer gut passage time. Prolonged digestion can extract nutrients more efficiently and is to be expected if forage is of poor quality (47) . A lower dry matter intake is believed to be negatively correlated with mean retention time in the gastrointestinal tract (48), a correlation reported for cattle, horses, sheep, donkeys, and red deer (12, 29, 32) . However, whether expression of nutrient-transporting proteins and, hence, rates of active transport also follow a seasonal cycle, is unknown. We firstly address this question in the present study.
Taking the available evidence together, we formulate two mutually exclusive hypotheses about seasonal changes of nutrient transport in the gut: 1) higher rates of active transport during winter increase exploitation of poor forage, and 2) rates of active transport are reduced during winter, as part of the thrifty phenotype of winter-acclimatized animals, induced by lower concentrations of nutrients in the gut lumen.
We tested these hypotheses in red deer (Cervus elaphus), an animal model well known for its profound seasonal changes of many physiological traits.
METHODS

Study Animals and Site
We studied a herd of red deer, adult females, and their progeny from several years, kept together with an adult stag in a 45-ha enclosure adjacent to the Research Institute of Wildlife Ecology in Vienna, Austria (48°13=N, 16°17=E, 360 m above sea level). This area consists of about 39 ha of deciduous oak-beech forest and a meadow of about 6 ha. In addition to natural forage available in the enclosure, the animals received hay and commercially available pellets for red deer (Trophy ST, Raiffeisen, Austria) delivered ad libitum at a computer-controlled feeding station continuously throughout a day and year. Except for the feeding experiment, pellets consisted of 13% crude protein, 3.9% crude fat, 13.7% crude fiber, and 54.5% nitrogenfree extract (nfe). All procedures and experiments were discussed and approved by the institutional ethics and animal welfare committee in accordance with guidelines for good scientific practice and national legislation.
Feeding Experiment
We performed a feeding experiment with 16 female red deer of ages 14 to 86 mo (mean 48) to quantify seasonal variation of VFI and nutrient uptake. These animals had been trained prior to the experiment to enter and feed at the computer-controlled feeding station. A two-gate system ensured that only a single animal at a time could enter the feeding station. The necessary narrowness of the gates for separating individuals made the station inaccessible to males, particularly when bearing antlers. When an animal lowered its head to the feeding trough, its ear tag transponder was recognized by a reading antenna, and the system delivered pellets at a rate of 95 g every 40 s. Pellet delivery stopped when an animal raised its head. The animals usually emptied the feeding trough before leaving the station, enabling accurate measurement of the mass of pellets eaten.
During the 22 mo of experiment, each animal received ad libitum two types of food pellets (Altromin, Lage, Germany) in a cross-over design. The two types comprised crude protein, crude fat, and crude fiber in concentrations (dry organic matter) typical for the natural diet of free-living red deer in July ["summer pellet": crude protein 30.9% crude fat 6.9%, crude fiber 21.5%, nitrogen-free extract (nfe) 40 .6%], and in January ["winter pellet": crude protein 17.4%, crude fat 3.4%, crude fiber 31.8%, nfe 47 .4%], respectively (4). The station was visited throughout the day and night, with slight peaks around dawn and dusk, as to be expected for a crepuscular animal with weak or even absent influence of the internal circadian timing mechanism on daily activity patterns (15) .
Experimental feeding of pellets began 2 mo prior to the experiment with eight animals assigned randomly to the summer pellet and winter pellet group, respectively. Pellet types fed to each animal were switched at the beginning of the experiment and again 12 mo later. During the feeding experiment, the animals had unlimited access to the natural forage in the enclosure but did not receive other supplements like hay.
Assessment of Natural Forage Intake and Composition
Intake and composition of natural forage were assessed with the n-alkane method (14, 22, 37) . The method takes advantage of similar fecal recoveries of naturally occurring tritriacontane (C 33) and artificial dotriacontane (C32), fed as an external marker. Both summer and winter pellets contained 0.085 mg C32/g. Because pellet consumption was measured, we also knew the amount of C32 ingested per day. Daily intake of natural forage by a given individual was inferred from the dilution of ingested C32 in fecal samples obtained the day after measuring C32 intake, compared to the concentration of C33 in the same sample ingested with herbage.
Plants contain in their cuticular waxes predominantly n-alkanes of odd carbon chain lengths. Concentrations on n-alkanes differ remarkably among species and can be used to quantify the proportions of different plant species in the forage intake of herbivores from fecal material. For determining the number of detectable n-alkanes and their concentrations in the food plants available to our deer, we sampled prior to the study the 10 most common plant species representing ϳ80% of ground coverage of the meadow in the enclosure. Altogether, 10 different n-alkanes (odd-chain C 21-C35 and even-chain C28 and C30) could be identified. This enabled reliable quantification of the relative proportions of 10 species in an animal's intake of natural forage during the day before sampling of feces (14) , assuming a gut passage time of 24 h.
Every other month, fecal samples were collected from each experimental animal following the grazing herd. During the day, before sampling of feces, we noted which plants were consumed by an animal and roughly estimated an order of preference. The 10 most frequently eaten plant species and plant parts were then sampled for analysis of n-alkanes.
Plant and fecal samples were dried at 60°C for at least 48 h to constant weight and grounded to a particle size of ϳ1 mm with a mixer. Prepared samples were analyzed quantitatively for n-alkanes, according to Mayes et al. (37) by gas chromatography (Autosystem XL; Perkin Elmer, Rodgau, Germany) and for dry matter crude protein (Kjedahl method), crude fat (Soxhlet method), nfe, crude ash, and crude fiber content by Weender analysis (39) .
Diet composition was estimated with a maximum-likelihood optimization procedure (R-package "nlminb"), finding the relative proportions of sampled food plants that optimally fit the found n-alkane concentrations in a fecal sample (40) . The total intake of nutrients from natural forage was calculated for each animal and sampling day from the estimated dry matter intake, the percentages of various food plant species in the ingested material, and the percentages of nutrients in these plants. Energy content of pellets and natural forage was calculated using energetic values of nutrients given in Refs. 34 and 35.
Tissue and Organ Sampling
During a time period of 4 years, we euthanized animals for tissue and organ sampling. Between July 17 and 22 (summer), 3 males and 11 females of ages 7-181 mo were euthanized, and between January 14 and February 19 (winter), 1 male and 11 females of ages 13-157 mo were euthanized, either by gun shot from a distance or by pin shot after capture. Subsequently, blood was drained through opening of the Arteria carotis and the Vena jugularis. Seven of these animals had been in the feeding experiment before but were sacrificed 6 years after its termination. Thus, any carry-over effects are unlikely. The considerable age differences of sampled individuals were due to the fact that we continuously removed offspring at various ages to limit the number of deer in the enclosure before eventually sacrificing the whole herd. All males used for the study were clearly nonreproductive (3 were 7 mo old, one 13 mo); 6 females killed during winter were pregnant, and 4 that were killed in July had given birth in May. These females were considered "reproductive" in our analyses. We have no exact information about their previous reproductive history. However, females in the enclosure seemed to reproduce at rates typical for free-living red deer (38) .
Immediately after shooting, each animal was weighed to the nearest kilogram with a portable balance. Carcasses were then moved to the institute's pathology for dissection. Heart, liver, spleen, kidney, and the fat depot around a kidney were removed and weighed to the nearest gram. Rumen and abomasum were also removed, emptied, rinsed, and weighed to the nearest gram. The rumen was then filled with water to determine the volume in liters.
A section of ϳ1 m from the distal jejunum and from the midjejunum was opened along the mesenteric line, rinsed with ice-cold saline, and transferred to the laboratory for Ussing chamber studies. While samples for Ussing chamber experiments were kept in cold, modified Krebs-Henseleit buffer aerated with carbogen, tissues for later preparation of isolated brush-border membrane vesicles were snap-frozen in liquid nitrogen and stored at Ϫ80°C.
Ussing Chamber Measurements
As preliminary experiments had shown that the distal jejunum can be stored in cooled buffer solution aerated with carbogen without any negative effects on integrity and responsiveness, Ussing chamber experiments were carried out in two series. In the first series, the mid-jejunum was mounted, while the distal jejunum was investigated in the second series of experiments, ϳ140 to 160 min later. Apart from different time periods between the death of the animal and start of the measurements, both segments were incubated using the same conditions.
After removal of the serosal muscle layers, stripped epithelia were mounted into six chambers with an open surface of 1.13 cm 2 and incubated at 37°C in aerated buffer solutions with 0.1 mM indomethacin to inhibit endogenous synthesis of prostaglandins. The buffer solution on the serosal side of the epithelia contained 113.6 mM NaCl, 5.4 mM KCl, 0.4 mM HCl, 1.2 mM MgCl2, 1.2 mM CaCl2, 21.0 mM NaHCO3, 1.2 mM Na2HPO4, 0.3 mM NaH2PO4, 10.0 mM glucose, and 23.0 mM mannitol. The pH was adjusted to 7.4. On the mucosal side, the buffer contained no glucose (113.6 mM NaCl, 5.4 mM KCl, 1.2 mM MgCl2, 1.2 mM CaCl2, 2.0 mM NaHCO3, 0.37 mM Na2HPO4, 1.13 mM NaH2PO4, 19.83 mM Na-gluconate, 32.94 mM mannitol, 0.2 mM HCl), and the pH was adjusted to 6.4. The addition of amastatine to a final concentration of 10 M to the mucosal buffer inhibited brush-border membrane peptidase activity.
Potential difference across the epithelia was clamped to 0 mV by application of a short-circuit current (Isc) that counterbalanced the potential difference generated by electrogenic net ion transport. Under these conditions, the addition of glucose or dipeptides like glycylglutamine (Gly-Gln) results in an increase in Isc due to net electrogenic ion transport.
Six epithelia from the middle and the distal jejunum were measured in parallel. A single mean value for each animal and gut section was calculated for the basal Isc recorded after an equilibration period of 30 min, for the increase after the addition of Gly-Gln to a final concentration of 12 mM, and for the increase after the addition of glucose to a final concentration of 10 mM. Only these means were used for statistical analyses. At the end of each experiment, forskolin (10 M) was added to the serosal side to check whether chloride secretion, an indicator of the viability of the epithelia, could be induced. Single epithelia that did not respond to forskolin were excluded. Therefore, statistical analysis was done with mean values of five to six epithelia per animal and segment. For one winter and two summer animals, the mid-jejunum was excluded completely because four out of six preparations did not react properly.
Brush-Border Membrane Vesicles
Transport kinetics (V max, Km) of glucose or glycyl-sarcosine (GlySar) uptake into isolated intestinal brush-border membrane vesicles (BBMV) was studied in a subset of six winter animals (all female, ages 6 -8 mo), and 6 summer animals (2 males, 4 females, ages 13-25 mo). We choose Gly-Sar instead of Gly-Gln, as used for Ussing chamber experiments, because at the time of BBMV experiments, only Gly-Sar was available with the necessary 3 H-labeling at a reasonable price, and a former study with porcine jejunum had found no relevant differences between Gly-Gln and Gly-Sar transport (53) .
Respective BBMV were prepared from enterocytes by Mg 2ϩ -EGTA precipitation and differential centrifugation (6, 7, 9, 52). Briefly, 30 g of tissue (wet weight) were thawed on ice in 60 ml BBMV buffer I (300 mM mannitol, 12 mM Tris, 5 mM EGTA, pH 7.1). Enterocytes were separated from the underlying tissue by 10 min of vibration using a vibromixer type E1 (Chemap, Volketswil, Switzerland). The cell suspension was then diluted with distilled water (1:5) and homogenized for 3 min with a blender (Moulinex, Germany; type 530.02). A sample was taken from the first homogenate (sample 1, S1). In the following, basolateral membranes were precipitated by the addition of MgCl 2 to a final concentration of 10 mM. The pellet obtained by a first centrifugation (18 min, 3,295 g, 4°C) was discarded, and the supernatant was centrifuged again (40 min, 26,890 g, 4°C). After the second centrifugation, the pellet was homogenized in 35 ml of BBMV buffer II (60 mM mannitol, 5 mM EGTA, pH 7.1) using a Potter-Elvehjem (S30; Braun, Melsungen, Germany). Precipitation of basolateral membranes by the addition of MgCl2 and a two-step centrifugation was repeated, as described above, followed by resuspension of the pellet in 35 ml of BBMV buffer IIIa (BBMV for glucose uptake, mid-jejunum: 100 mM mannitol, 100 mM KCl, 10 mM HEPES, pH 7.4) or buffer IIIb (BBMV for dipeptide uptake, distal jejunum: 100 mM mannitol, 100 mM KCl, 35 mM HEPES, 1 mM MgSO4, pH 7.8). After one more centrifugation (45 min, 34,540 g, 4°C), the pellet containing enriched brush-border membranes was resuspended in 2 ml of buffer IIIa or IIIb by passing the suspension 10 times through a 26-gauge needle in order to allow the membranes to form vesicles.
Total protein content of S1 and the final BBMV suspension (S2) was determined according to Bradford (10) . The integrity of BBMV preparations was tested in samples from one summer and winter animal, respectively. In both samples, we recorded so-called "glucose overshoot", i.e., a rapid glucose influx into vesicles exceeding diffusional balance of glucose concentrations within vesicles and the surrounding medium. Glucose overshoot indicates the presence of intact closed vesicles (27) .
For determining the degree of enrichment of brush-border membranes in the preparations, we measured the activities of alkaline phosphatase, a key enzyme of the brush-border membrane of enterocytes, and of the Na ϩ /K ϩ -ATPase, a key enzyme of the basolateral membrane, respectively. Enrichment was considered sufficient if alkaline phosphatase activity was at least 18 times higher than that of Na ϩ /K ϩ -ATPase. Other preparations were excluded from statistical analyses. No differences between summer and winter animals occurred with respect to the enrichments.
The kinetic parameters Vmax (nmol·mg protein Ϫ1 ·15 s Ϫ1 ) and Km (mmol/l) for glucose or Gly-Sar uptake into BBMV were calculated using the Michaelis-Menten equation (46) . BBMV from the distal jejunum were used for studying peptide transport, while those from the mid-jejunum were used for studying glucose transport. Uptake of glucose and of Gly-Gln were quantified by the rapid filtration technique, as described earlier (46 25 , 0.5, 1, 2.5, 5, and 10 mM; Sigma-Aldrich), respectively. The buffer solution used for measuring uptake of glucose contained either 100 mM NaCl or 100 mM KCl along with 100 mM mannitol and 10 mM HEPES (pH 7.4). The incubation buffer used for uptake of Gly-Sar consisted of 100 mM KCl, 100 mM mannitol, 1 mM MgSO 4, 15 mM HEPES, and 50 mM MOPS (pH 5.9) or 100 mM KCl, 100 mM mannitol, 1 mM MgSO4, and 15 mM HEPES (pH 7.8). All buffer solutions used for Gly-Gln uptake studies contained 10 M amastatine to prevent hydrolysis of dipeptides (13, 53) . BBMV suspensions were incubated at room temperature (glucose) or 37°C (Gly-Sar), and incubation was stopped after 15 s by the addition of 1 ml ice-cold stop buffer solution. The stop buffer solution consisted of either 150 mM KCl and 10 mM HEPES (pH 7.4) (for glucose uptake studies) or 100 mM mannitol, 100 mM KCl, 35 mM HEPES, and 1 mM MgSO 4 (pH 7.8) (for Gly-Sar uptake studies). The solution was immediately filtered by vacuum suction, and filters were washed twice with 4 ml of stop buffer solution to remove extravesicular radioactivity. Blanks were obtained from incubation of respective buffer solutions without vesicular membranes. Total radioactivity was counted in 80 l of buffer solution at the end of each experiment. All measurements were performed in triplicate. Filters were dissolved in scintillation fluid (Perkin Elmer) for at least 30 min before radioactivity was measured using a liquid scintillator counter with a counting accuracy Ͼ95% (Packard Tricarb liquid scintillation analyzer, Dreieich, Germany).
Statistical Analyses
Statistical analyses were performed using software R (42) with P values derived from two-tailed tests. Data were analyzed by linear modeling and are presented as means Ϯ95% confidence intervals (CI). In analyses of Ussing chamber measurements, we included a factor "gut section" in the model and adjusted for this double measurement of each individual by including "individual ID" as a random intercept factor in the mixed effects model (function "lme" in R). Furthermore, we included a factor "type of killing" in order to correct for possible differences caused by the two different methods used. Justification of parametric testing was checked with Shapiro-Wilk tests of normality, diagnostic tools available in R, and visual inspection of residuals. If necessary, data were transformed to obtain normal distribution of model residuals.
Kinetic values V max and Km for glucose and Gly-Sar uptake as a function of substrate concentration were calculated by fitting respective uptake rates vs. respective concentrations in extravesicular buffer solution with a GraphPad (GraphPad Prism version 5 for Windows GraphPad Software, San Diego, CA) algorithm to a rectangular hyperbola relationship obtained from the law of mass action (46) .
RESULTS
Seasonal Variation of Energy Intake
The total amount of energy intake varied considerably over the year with a nadir in late winter and early spring. Thereafter, energy intake more than doubled in a few weeks to reach a peak plateau during June to October, before it began to decline again in late autumn/early winter (Fig. 1A , differences between months, F 5,60 ϭ 8.33; P Ͻ 0.001). The type of pellet fed had no significant influence (interaction of factors months and pellet type, F 5,60 ϭ 0.93; P ϭ 0.466).
Over the year, total energy intake from pellets was similar to energy intake from natural vegetation (F 1,4411 ϭ 0.456, P ϭ 0.500). However, the relative contributions of both food types to daily energy intake varied between months (interaction of factors months and source of energy, F 1,4411 ϭ 9.59, P Ͻ 0.001; cf. Fig. 1, B and C) . While energy intake from pellets remained about 30 to 40 MJ per day rather constant from November to May, it increased considerably to higher values during June to August (Fig. 1B , differences between months, F 11,8594 ϭ 117.64, P Ͻ 0.001). Similarly, the relative contribution of type of pellet received to total energy uptake from pellets varied with season (interaction of factors months and pellet type, F 11,8594 ϭ 15.63, P ϭ 0.001), although the total energy intake over the year from pellets did not significantly differ between pellet types fed (difference between pellet types, F 1,8594 ϭ 0.72, P ϭ 0.398).
Energy intake from natural vegetation was lowest during the winter months and increased continuously from spring to late autumn (Fig. 1C , effect of month, F 5,60 ϭ 6.51, P Ͻ 0.001). Again, pellet type fed had no significant influence on this seasonal effect (interaction of factors months and pellet type, F 5,60 ϭ 0.69, P ϭ 0.637), nor on the total amount of energy Fig. 1 . Seasonal changes of total daily energy intake (A), energy intake from pellets (B), and from natural vegetation (C) (monthly means with 95% confidence intervals) of adult red deer hinds provided with pellets of lower vs. higher content of crude protein and energy ("winter" vs. "summer" pellets), respectively. intake from natural vegetation over the year (effect of pellet type, F 1,60 ϭ 0.39; P ϭ 0.535). During October, energy intake from vegetation reached its annual maximum of 83 MJ/day (95% CI Ϯ 17.4) being about three times higher during this month than energy intake from pellets (F 1,864 ϭ 37.48, P Ͻ 0.001; cf. Fig. 1, B and C) .
Seasonal Differences in the Extraction of Crude Protein from Forage Intake
During summer, uptake of crude protein increased with the total amount of crude protein ingested per day, as indicated by the negative correlation between the amount of crude protein ingested and the concentration of crude protein found in feces sampled during the following day ( Fig. 2A, F 1,32 ϭ 6.04, P ϭ 0.020). This relation was absent during winter (Fig. 2B, F 1,14 ϭ 0.167, P ϭ 0.689) when efficacy of protein extraction seemed to be at maximum, resulting in much lower concentrations of crude protein excreted with feces (difference of intercepts of regressions Apr-Oct vs. Nov-Mar, F 1,61 ϭ 25.55, P Ͻ 0.001). These results were not influenced by the type of pellet fed ( Fig. 2A , difference of slopes F 1,32 ϭ 0.26, P ϭ 0.612, difference of intercepts F 1,11 ϭ 0.00, P ϭ 0.958; Fig. 2B , difference of slopes F 1,14 ϭ 0.18, P ϭ 0.676, difference of intercepts F 1,14 ϭ 0.05, P ϭ 0.824).
Seasonal Variation of Organ, Fat Depot, and Body Mass
In contrast to the apparent upregulation of nutrient extraction in the gut during winter, we found, after correcting for the influence of body mass, that mass of visceral organs was significantly lower in winter animals compared to summer animals. Rumen volume, empty rumen mass, liver mass, and kidney mass were significantly reduced during winter (Fig. 3) , compared to the mass in July by 41%, 28%, 26%, and 10%, respectively. One exception was the kidney fat depot, which in January/February was 78% larger than during July. We did not find significant seasonal differences in the abomasum, heart, spleen, and total body mass (Fig. 3) .
Electrochemical Analyses of Nutrient Transport
Results from electrochemical and BBMV studies were in line with differences in crude protein extraction during summer and winter found in the feeding experiment (Fig. 2) . Measurements in Ussing chambers revealed significant differences between samples from winter and summer animals in the changes of the short-circuit current (I sc ) across epithelia of the Fig. 3 . Variation of organ and body mass between seasons. Rumen and abomasum mass were measured after emptying the organ, rumen volume by filling the empty rumen with water. P values for seasonal differences of organ mass or volume, given above pairs of bars, are adjusted for influences of body mass, age, and sex; comparison of body mass is adjusted for age and sex. Fig. 2 . Concentrations of crude protein in feces in relation to total crude protein intake during the previous day, in red deer hinds studied during summer (A) and winter months (B), and provided with pellets of lower vs. higher content of crude protein and energy ("winter" vs "summer" pellets), respectively (note logarithmic scale of y-axis).
small intestine after adding substrates. Both, Gly-Gln and glucose increased I sc more in small intestinal segments from winter animals compared to tissues from summer animals, indicating higher electrogenic transport (Fig. 4) . Furthermore, glucose increased I sc more in some of the oldest individuals in the experiment (aged 12-15 yr), and preparations from the distal jejunum seemed to have higher I sc than those from middle jejunum upon adding Gly-Gln. No significant differences were found between reproducing and not reproducing animals, or type of killing (Table 1) .
Brush-Border Membrane Uptake Studies
The maximal rate (V max ) of the H ϩ -dependent uptake of Gly-Sar into BBMV from winter animals was 5.5 mmol·mg protein Ϫ1 ·15 s Ϫ1 (Ϯ 0.3), significantly higher (F 1,6 ϭ 6.66, P ϭ 0.042) than that found in BBMV from summer animals (3.0 Ϯ 0.9 mmol·mg protein Ϫ1 ·15 s Ϫ1 ). Analysis of substrate concentration-dependent uptake confirmed this result (Fig. 5A) . In contrast, concentration-dependent uptake of glucose (Fig.  5B) , as well as V max of the Na ϩ -dependent uptake of glucose, was not significantly different in BBMV from winter and summer animals (0.3 Ϯ 0.1 mmol·mg protein
; F 1,6 ϭ 0.40, P ϭ 0.551).
DISCUSSION
Our study clearly supports the hypothesis that winter-acclimatized red deer exhibit higher efficacy of nutrient absorption. Results about peptide transport across enterocytes in the jejunum were unambiguously in line. Both, electrogenic responses to the addition of nutrients during Ussing chamber experiments, as well as direct determination of peptide uptake into BBMV, indicated higher H ϩ -dependent peptide absorption during winter. In addition, the feeding experiment demonstrated in vivo that red deer, indeed, extract crude protein to a larger degree from ingested forage during winter, and, therefore, excrete lower concentrations of crude protein in feces.
Results on glucose transport suggested that this process is regulated similarly to the transport of peptides. However, the evidence was weaker. While the electrogenic response to the addition of glucose in Ussing chamber experiments was significantly higher in winter compared to summer animals, no differences could be found with respect to Na ϩ -dependent uptake of glucose into BBMV. This might be due to the fact the BBMV technique can only provide kinetic data of sodiumcoupled glucose uptake across the isolated apical membrane, whereas Ussing chamber experiments represent data obtained from intact intestinal mucosa, with its complete cell machinery, including regulatory factors, such as protein kinases (55) . Furthermore, the intestinal segments used for Ussing chamber experiments and uptake studies were not identical. For technical reasons, BBMV for the determination of peptide uptake were prepared from the distal jejunum, while for investigation of glucose uptake, the mid-jejunum was used. Although not significantly different, electrogenic responses to the addition of Fig. 4 . Rates of dipeptide (glycyl-L-glutamine; A) and glucose transport (B) across small intestine epithelium preparations from winter (dipeptide, n for calculating plotted means and CI ϭ 27; glucose, n ϭ 25) and summer animals (dipeptide, n ϭ 22; glucose, n ϭ 22), determined by Ussing chamber measurements. See Table 1 for results of statistical analyses. substrates or forskolin were slightly smaller in mid-jejunum compared to distal gut segments. Such differences in electrogenic responses and glucose uptake into BBMV have recently been shown for porcine small intestines (18, 21) . It might be that the effect of season on glucose uptake was obfuscated due to the fact that values for V max were generally smaller in the mid-jejunum compared to the distal jejunum in red deer, too. Unfortunately, we have no additional data about glucose uptake in vivo to clarify this inconsistency. The feeding experiment further elucidated how nutrient absorption is regulated in red deer. In summer-acclimatized animals, we found a negative correlation between crude protein intake and crude protein excretion with feces, as to be expected if the involved enzymes and both amino acid and peptide transporters are stimulated by dietary protein when fed above maintenance level (1, 31) . Protein extraction increasing with intake has also been found in Przewalski horses (32) . However, this relation was not found in our deer during the winter months, suggesting that a seasonal signal was superimposed, or even substituted, for transporter expression regulation by nutrient concentrations in the gut. This could have been an endogenous signal entrained by photoperiod. For instance, the ability to actively transport nutrients is maintained in intestinal tissues of hibernating ground squirrels compared with their active counterparts and shows apparent upregulation in hibernators when transport rates are normalized to tissue mass (11) .
Alternatively, the lowered VFI during winter may have induced expression of transporters. While peptide and amino acid uptake seems to be stimulated by dietary protein when daily intake is high (Ͼ18%), no changes caused by substrate concentration could be found when dietary protein intake did not meet maintenance level (16) , suggesting that with very low substrate concentrations, expression is not decreased below a certain threshold. This would be in line with the rather low fecal protein excretion in winter in the present study, indicating that either the photoperiod or the reduced VFI stimulated all processes involved in protein digestion and absorption. In the rat, for example, fasting increases dipeptide transport in the intestine by increasing the abundance of PEPT1 in the brushborder membrane. The mechanism appears to be an increase in PEPT1 gene expression (50) .
Further support for different regulation of transporter expression during summer and winter comes from the BBMV study. Variation of nutrient uptake seemed to be higher in preparations from summer animals for most substrate concentrations tested (Fig. 5) , as one would expect if the amount of nutrient intake varies more during summer (Fig. 2) and, hence, regulates transporter expression to a larger extent than during winter. However, ultimate corroboration of whether nutrient transporter activity in red deer is, indeed, differently regulated in summer-and winter-acclimatized animals is still lacking, because the test of difference between slopes of regressions of these relations between summer and winter months did not reach statistical significance ( Fig. 2 ; difference between slopes of regression Apr-Oct vs. Nov-Mar, F 1,61 ϭ 2.80, P ϭ 0.100). Altogether, our study shows for the first time, to our knowledge, that nutrient transport rates can vary seasonally.
Along with increased digestive efficacy during winter, due to presumably longer gut passage time of ingested food (12, 29, 32, 48) and increased rates of absorption (this study), we found a reduction of voluntary food intake ( Fig. 1) and size of visceral organs (Fig. 3) , as to be expected from previous studies (23, 25) . Interestingly, these changes were not associated with detectable differences in whole body mass (Fig. 3) , presumably due to the ad libitum availability of pellets. However, what we did find is the expected accumulation of body fat during summer/autumn, and its consumption during the winter months, as indicated by seasonal mass changes of the kidney fat depot (Fig. 3) , a good indicator of the mass of other depots, e.g., fatty tissue in the rump region (38) . In line with this result, the deer showed during the summer/autumn fattening period an increasing preference for natural forage (Fig. 1C) , particularly for energy-rich seeds like beechnuts and acorns, being amply available in the enclosure during autumn. The deer further showed a significant preference for winter pellets from September to March (with the exception of January, Fig. 1B) , despite the lower energy content of this pellet type. However, winter pellets also contained less crude protein, causing considerably higher heat increment of feeding (8) . Consequently, consumption of winter pellets was found to be associated with lower energy expenditure than consumption of summer pellets (51) . Therefore, avoidance of a high intake of crude protein during the autumn fattening period and the anabolic body fat consumption during the winter time seems to maximize digestive efficacy for energy uptake. 
Perspectives and Significance
The thrifty winter phenotype of red deer is apparently characterized by avoiding energy expenditure for unproductive search of scarcely available food, which, in addition, renders the energetically costly maintenance of a large gut and visceral organs unnecessary. Simultaneously, extraction of nutrients is increased during winter in order to maximally exploit forage and to attenuate an inevitably negative energy balance. This holds true for nutrient uptake in the small intestines, as indicated by our results. However, it seems at first glance questionable for nutrient uptake in the rumen, because number and size of ruminal papillae are reduced during winter (24, 30) . Yet uptake of short-chain fatty acids (SCFA), the major ruminal source of energy, occurs mainly by diffusion (5) . Hence, a reduced surface for SCFA absorption and a decreased rumen volume during winter may be necessary for maintaining a sufficient gradient of SCFA concentrations between rumen content and blood, because SCFA production is low due to lower intake of food and presumably diminished microbial fermentation at lower rumen temperature (51) . It remains in future studies to rigorously investigate this hypothesis.
